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Responses of plant cells to environmental stresses often involve 
morphological changes, differentiation and redistribution of various 
organelles and cytoskeletal network. Tobacco BY-2 cells provide excel-
lent model system for in vivo imaging of these intracellular events. 
Treatment of the cell cycle-synchronized BY-2 cells with a proteina-
ceous oomycete elicitor, cryptogein, induces highly synchronous 
programmed cell death (PCD) and provide a model system to charac-
terize vacuolar and cytoskeletal dynamics during the PCD. Sequential 
observation revealed dynamic reorganization of the vacuole and actin 
microfilaments during the execution of the PCD. We further char-
acterized the effects cryptogein on mitotic microtubule organization 
in cell cycle-synchronized cells. Cryptogein treatment at S phase 
inhibited formation of the preprophase band, a cortical microtubule 
band that predicts the cell division site. Cortical microtubules kept 
their random orientation till their disruption that gradually occurred 
during the execution of the PCD twelve hours after the cryptogein 
treatment. Possible molecular mechanisms and physiological roles of 
the dynamic behavior of the organelles and cytoskeletal network in 
the pathogenic signal-induced PCD are discussed.

Cryptogein vs. Tobacco BY-2 Cells: A Model System for 
Visualization of Elicitor-Induced Programmed Cell Death

During adaptation to biotic and abiotic environmental changes, 
plant cells induce dynamic changes in morphology as well as 
intracellular positioning and distribution of organelles. Recent devel-
opment of live cell imaging techniques provides valuable information 
on these organellar dynamics. However, in planta imaging of the 
microscopic behavior is still technically difficult. Tobacco BY-2 cells 
have relatively large size of the cells.1 Various visualizing methods 
using fluorescent dyes and GFP probes are well established in BY-2 
cells.2,3 These advantages make live cell imaging easier in BY-2 cells 
than the other plant materials.

A proteinaceous elicitor, cryptogein, from an oomycete, 
Phytophthora cryptogea induce programmed cell death (PCD). 
Involvement of increase in cytosolic free Ca2+,4,5 production 
of reactive oxygen species (ROS)4,6 and activation of mitogen-
activated protein kinases (MAPKs)7 in cryptogein-induced PCD 
has extensively studied in BY-2 cells as well as Nicotiana tabacum 
cv Xanthi8-12 and Nicotiana plumbaginifolia.13 Since exceptionally 
high level of cell cycle synchronization can be achieved in BY-2 
cells,1,3 the cell cycle-dependency of cryptogein-induced PCD was 
characterized.6 Various cryptogein-induced defense signaling events 
as well as PCD depended on the cell cycle phases;6,14 cells treated 
with cryptogein at S or M-G1 phase induced cell cycle arrest at G2 
or G1 phase, respectively, prior to the PCD.6 Therefore cell cycle 
synchronization in BY-2 cells provides a suitable model system not 
only to observe homogeneous cells but also to induce highly efficient 
PCD.15 We synchronized the cell cycle at S phase and characterized 
the cryptogein-induced intracellular events including vacuoles and 
cytoskeletons.16

Simplification of Vacuolar Structures Before the Cell Death

The vacuole contains hydrolytic enzymes for digestive processes, 
and collapse of vacuoles has been proposed as a crucial event in plant 
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cell death. The vacuolar processing enzyme (VPE), which is localized 
in the vacuole and possesses the caspase 1 activity, has been shown to 
be involved in the execution of tobacco mosaic virus (TMV)-induced 
hypersensitive cell death in Nicotiana.17 However, molecular mecha-
nisms of vacuolar collapse are largely unknown. To find a clue, we 
characterized vacuolar dynamics in tobacco BY-2 cells treated with 
cryptogein at S phase using live imaging techniques.16 Time-lapse 
observation after cryptogein treatment by differential interference 
contrast (DIC) images revealed that intracellular configuration 
dynamically altered (Fig. 1A and B) before the cell death (Fig. 1C). 
Transvauolar strand (TVS), which is a tubular region of cytoplasm 
connecting nuclei to cell periphery,2 decreased (compare with Fig. 
1A and B). Simultaneously, nuclei relocated from cell center to cell 
periphery (compare with Fig. 1A and B). These intracellular changes 
implied vacuolar reorganization.

We therefore visualized the vacuolar membrane (VM) by 
GFP-AtVAM3 expression18,19 and characterized the cryptogein-
induced alteration of the VM structure in detail. At S phase, many 
TVS were evidently visualized by VM labeling (Fig. 1D). Twelve 
hours after cryptogein treatment, TVS decreased but spherical intra-
vacuolar VM structures were newly formed (Fig. 1E, arrow). The 
intravacuolar structures were similar to the ‘bulb’ structures.20 The 
bulb-like structures would be derived from the excessive VM that 
comprised the TVS. Just before the cell death, the bulb-like struc-
tures disappeared and vacuoles became simple-shaped (Fig. 1F). We 

assumed that the cryptogein-induced simplification of the vacuolar 
structure might facilitate the vacuolar rupture in response to water 
absorption at the last step of the cell death,16 as briefly summarized 
in Figure 1G.

The vacuolar morphology is regulated by actin microfilaments 
(MFs) in higher plants.21,22 MFs play a central role in the 
cryptogein-induced reorganization of the vacuole.16 Artificial disrup-
tion of the MF-bundles by application of actin polymerization 
inhibitor facilitated the vacuoles to disappear the bulb-like VM struc-
tures and rapid rupture. These results suggest that the MFs involve 
in maintenance of bulb-like VM structures and function as a safety 
lock against the vacuolar rupture to prevent unexpected accidental 
cell death via keeping the VM reservoir.16 These cryptogein-induced 
dynamic structural changes of MFs around the vacuolar membranes 
and the vacuole may therefore be a key step for the PCD as a prepara-
tion for the vacuolar collapse.

Effects of Cryptogein on Mitotic Microtubule Structures

Microtubules (MTs) play crucial roles in cell morphogenesis. 
The cortical MTs regulate the direction of cell elongation and 
morphogenesis via determination of cellulose microfibril deposition 
in the innermost layer of the cell wall. MTs also play central roles 
in cell division by organizing their mitotic structures; preprophase 
band (PPB) that predicts the cell division site at late G2 phase, 
mitotic spindle that segregate the duplicated chromosomes at meta-/

Figure 1. Vacuolar reorganization during cryptogein-induced programmed cell death in S phase-synchronized tobacco BY-2 cells. (A–C) DIC images of BY-
2 cells just before (S phase; A), 15 h (B) and 24 h (C) after cryptogein treatment. Cells in (A) and (B) are alive but a cell in (C) is dead, judged from cell 
shrinkage. (D–F) Vacuolar membranes visualized by GFP-AtVAM3 in BY-2 cells just before (S phase; D), 12 h (E) and 18 h (F) after cryptogein treatment. 
The arrow in (E) indicates bulb-like vacuolar membrane structures. (G) A schematic model of cryptogein-induced vacuolar reorganization in S phase-synchro-
nized BY-2 cells. After around 12 h, the nucleus relocates from cell center to cell periphery, and transvacuolar strands decrease. Simultaneously, bulb-like 
vacuolar membrane structures appear. After around 18 h, the bulb-like structures disappear. Consequently, the vacuolar structure becomes simpler before 
the cell death. The simple shape of the vacuole is suggested as a crucial event for the execution of vacuolar collapse.16 N and V represent the nucleus and 
the vacuole, respectively. Scale bars: 10 μm.
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anaphase, and phragmoplast that form the cell plate at telophase.23

Using synchronously-cultured BY-2 cells stably expressing green 
fluorescent protein (GFP)-tubulin,23 we further examined effects 
of cryptogein treatment at S phase on MT-organization (Fig. 2). 
Cryptogein induced cell cycle arrest at G2 phase (Fig. 2A). In 
cultured cells of Nicotiana tabacum cv Xanthi, cortical MTs has been 
reported to be disrupted rapidly by cryptogein.12 In synchronized 
BY-2 cells, MT-disruption was also observed but its timing was 
much slower, and the cortical MTs did not disrupt up to twelve 
hours after cryptogein treatment.16 However, PPB formation was 
completely inhibited by cryptogein. Seven hours after aphidicolin 
release (when PPB index peaked in the control cells), cortical MTs 
kept their random orientation as at S phase (Fig. 2B). Subsequent 
mitotic MT-structures including mitotic spindle and phragmoplast 
did not appear. Though the molecular mechanisms for PPB forma-
tion have not fully been elucidated yet, its putative regulators such 
as kinesins24 or MT associated proteins25 may be downregulated by 
cryptogein treatment. It is still an open question whether inhibition 
of PPB formation is a cause or a consequence of cryptogein-induced 
cell cycle arrest at G2 phase. Future multiple labeling of microtubules 
and their associated proteins as well as the use of transgenic cell lines 
in which the expression of cell cycle regulators are perturbed would 
provide new insights into the significance of cytoskeletons in the 
execution of programmed cell death.
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